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Introduction
Ash deposit on irradiated and convective heat transfer surfaces of boilers is one of the main operational problems at plants using low rank coals [1] or some type of biomass [2, 3] . The specific characteristics and composition of Serbian coals makes it impossible to directly use the results obtained from analysis of coals from basins in other countries. An extensive research program has been conducted with the main aim to investigate the processes of ash deposit formation and combustion of pulverized fuel (PF) in order to find criteria for estimating the tendency of particular fuel (coal and biomass) to form deposits and also to find aerodynamic, thermal and construction parameters which minimize the rate of deposit formation.
Experimental research of combustion and deposit formation processes under laboratory conditions can be carried out in small experimental furnaces, in which only partial modelling is possible and only the main similarity criteria are satisfied. Being aware of the complexity of combustion and ash deposit formation processes and of the fact that in principle it is not possible to obtain ideal similarity between the processes in a real large-scale furnace and ones in a smallscale model, a small experimental tubular furnace was built. During the construction of the experimental furnace the similarity of the following phenomena was satisfied: heat and mass transfer, combustion and physical and chemical transformations of the mineral matter in fuel [4] .
In order to obtain similarity of the mentioned processes, the following conditions had to be satisfied: equality of the gas temperature and gas composition in the experimental and real furnaces, the same volume heat release, grinding fineness of the PF, relative gas velocity, residence time in experimental and real furnaces, temperature of the surface on which the ash deposit is formed.
Analysis of ash deposit formation process Material and methods
By detailed analysis of the similarity conditions, the following dimensions and parameters were chosen for experimental furnace: diameter of the tubular furnace 71 mm, o furnace height 2800 mm, gas temperature in furnace 1000-1200 C, volume heat release 100-300 3 kW/m , excess air λ =1.2-1.5, gas velocity 4-5 m/s, fuel (Kolubara and Kosovo), fuel flow-rate o 0.5-3 kg/h, and deposit probe surface temperature 450-550 C [1, 4] .
Experimental furnace can be divided into four functional parts: the tubular furnace itself, the PF preparation and feeding line, the air preparation and feeding line, and the flue gas line. The tubular furnace is made from a stainless steel tube. The flow of the PF-air mixture is upward. Along the furnace it is possible to take samples of particles and flue gases, or to take measurements of other parameters in the furnace, at four locations.
Four electric heaters placed around the furnace with power of 11.2 kW were used to raise and keep the furnace temperature at the desired level, to start the combustion process, and to create a homogeneous temperature field in the furnace. The furnace was insulated with several layers of mineral wool, vermiculite and ceramics. The PF preparation and feeding line includes a laboratory mill, standard screens and PF feeder. Primary and secondary air can be heated up to o 400 C by electric heaters and their flow rate can be measured by standard orifice. The mixture of prepared PF and primary air is injected into the furnace by a burner, and secondary air is injected concentrically around the burner. By using a ventilator, flue gases are exhausted into the atmosphere.
A special probe for ash deposits formation has been developed. It is possible to position this probe at four locations along the furnace. The construction of the probe provides the followo ing: constant wall temperature t = 450-550 C by cooling with air, easy handling and ash deposit w removal, cooling of both ends of the probe, t and heat flux measurements at the place of ash w deposit formation, and t regulation. By measurements of the thickness of the deposit and by w further their analysis, it is possible to obtain the following data: rate of the deposit formation for different t , gas parameters, different fuels and grinding fineness, physical and chemical w properties of the ash layer as the function of the same parameters, change of t as the function of w the layer thickness and deposit characteristics.
Experimental results
The main experiments planned on the experimental furnace were the research of ash deposit formation processes and the rate of deposit formation. The nature of these processes in furnaces is different, which induces that deposits have different characteristics like mechanical strength, chemical composition, growth rate, etc. Besides the research of the mechanism of those processes, one of the main aims of the research program was to compare the behaviour of the fuels from different basins under the same conditions during ash deposition. Simultaneous analysis of the results from experimental and real full-scale furnaces would enable prediction of fuel and mineral matter behaviour in real conditions. Experimental research was carried out with two Serbian coals from Kolubara and Kosovo basins. The influence of the grinding fineness (rest on the sieve over 90 mm is R = 30 to -90 o 70%), λ = 1.20 to 1.50 and t = 450 to 550 C was analysed. Regime parameters of the furnace w o were: combustion temperature 900-950 C and fuel flow-rate 1.68 kg/h. In addition to ash layer thickness measurements, gas temperature measurements, and particle sample extraction have been done. The following analyses of samples have been carried out: screen, proximate and ultimate analysis of fuel, DTA and TGA analyses of coal, laboratory prepared and furnace ash, proximate and mineralogical analysis of the deposits, melting temperature of the deposits, laboratory prepared and furnace ash. Raw coal dried on air and ground in laboratory mill in different fineness. Analysis of raw and PF coals were given in tab. 1. Investigated coals are lignites with high content of moisture, medium content of ash and low heating value (LHV). The PF samples prepared at laboratory mill are of the same grinding fineness as in power plant. Chemical analysis of laboratory and furnace ash tab. 2 shows that Kolubara ash is aluminosilicate and Kosovo ash besides aluminosilicates has a great percentage of Ca.
Growth of deposit formation obtained by combusting Kolubara (KL) and Kosovo (KS) coals are presented in fig. 1 . The results were obtained for different probe exposure times (5 o minute to 4 hours), different grinding fineness and in the investigated intervals of t = 450-550 C. w Growth of front and whole deposit formation obtained by combusting both coals are presented in fig. 2 . The results were obtained for different probe exposure times and different excess air in furnace. The functional dependence is non-linear for both types of coal with permanent growth of deposit weight with time. The obtained deposit quantity for KS coal is remarkably higher. According to different investigations [5] KS coal shows strong fouling tendency caused by chemical composition of the ash. The initial deposit layer occurs at the frontal side of the tube, being the first phase of the fouling process. After a longer period of probe exposure one notes three types of deposits: front deposits formed by melting of light-fusible ash particles, side deposits formed by very fine ash particles, much thinner than the front ones, rear deposits which are very porous. The chemical analysis of the initial deposit layer tab. 2, shows that CaO and SiO prevail and that it is similar to furnace and 2 laboratory ash. However Fe O content is high in 2 3 it as the consequence of reactions in the layer. In front deposits one notes lowering of Fe content and CaSO formation which induces layer 4 hardening. In porous deposits, Fe content is equal as in laboratory and furnace ash, Ca content is slightly higher and SO content is much lower so 3 there is no hardening of these deposits.
During the combustion of KL coal, formation of the initial layer has not been noticed, but the front and rear deposits are being formed. Deposition of ash particles occurs by stroke of gas flow to the tube, but the thickness of this layer is much smaller than for the KS coal. Also, possibility of solidification of this layer is small, because of low content of S and Ca.
Analysis of the main influential parameters for deposit formation
The main aim of the research program is collection of data and determination of the criteria for the proper choice of furnace parameters on the basis of characteristics of Serbian lowrank coals and different sorts of biomass. This will enable more efficient operation of power plant furnaces and also obtaining of realistic data to be applied in furnace design.
Wall probe temperature exerts great influence on deposition formation pronounced by the reactions between particles of ash and probe wall in their first contact, and later in the reactions inside the layer of formed deposits. Investigation were performed in range of t = 450w o 550 C, as is the temperature on the furnace heat exchanger surfaces. Figure 3 shows the influence of t on whole deposit formation rate. Experiments have shown that the rise of t induces increase w w in quantity of deposit. This is the expected effect of higher t which is suitable for keeping the w initial layer in adhesive (viscous) condition with higher content of easily melted eutectics. This is followed by increased possibility of sticking of ash particles from the gas flow. Also t increased Year 2019, Vol. 23, Suppl. 5, pp. S1575-S1586 S1578 initial layer the mass of which decreases with t rise. But the whole mass of deposits grows with t w w rise because of the rear deposit formation. For KL coal initial layer is not registered but the mass of deposit also grows with t rise.
w Figure 4 shows the influence of grinding fineness on the ash deposit formation rate for different probe exposure times. It is evident that the amount of formed deposits grows with rise of grinding fineness (lower value of R ), primarily caused by deposition of higher amount of finer -90 particles. Up to 30 minute of probe exposure when burning finer KS coal (R = 31.40%) almost -90 double amount of deposit is obtained. Later on this difference slowly decreases. The same but more pronounced difference of grinding fineness influence was obtained for KL coal fig. 4 .
The main effect of excess air is primarily exerted upon the PF combustion process in furnace. Experiments were performed with KL (λ = 1.20 and 1.45), and KS (λ =1.25 and 1.50), coals fig. 2 . Change in λ has not shown the same effect for both coals. For KS coal it is evident that deposit amount rises with λ increasing. Also, growth of deposit mass was noted in the front as well as in the rear part of the probe, as a consequence of low gas velocities in the furnace and narrow range of their variation. For KL PF different effect was obtained fig. 2 , i.e. amount of formed deposits decreases with the λ rise. This result shows a good matching in comparison with the results obtained by measurements on real plants [5] . Something different results are obtained fig. 5 , when the total amount of deposits 3 is reduced to 1 m of gas. It is evident that this amount rises with λ decreasing for both coals. This effect occurs because the minimum amount of air for the stoichiometric combustion of these two coals is different.
Kinetics of ash deposit formation as a function of λ and gas velocity for both coals is presented in fig. 6 . The aforementioned influence of λ is clearly remarked here. Gas velocity was being changed in the range 4.24-4.57 m/s for KS PF and 4.78-5.17 m/s for KL PF. For KS PF there is a significant increase in front and whole deposits rate with increasing of gas velocity in a very narrow range. For KL PF a noticeable drop in total deposits and a slight decrease of the front deposits with an increase of gas velocity was observed. Small change in gas velocity realized by change in air intake does not enable making final conclusions and needs further investigation.
Ash related problems during biomass and coal combustion
The reserves of waste biomass from agricultural production in Serbia are very abundant [6] . Base on this fact at the Vinča Institute in Belgrade great efforts have been made to develop a clean technology for utilizing baled biomass for energy production. As a result a technology for Repić, B. S., et al.: Investigation of Ash Deposit Formation on Heat Transfer Surface... THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 5, pp. S1575-S1586 cigarete type combustion of balled biomass has been developed. Experimental investigation of biomass combustion in the boiler with thermal power of 1.5 MW was carried out over a long period of time [6, 7] . During the tests conducted, combustion of soybean, rapeseed and wheat straw and maize (cornstalks) has been analysed. Tests were carried out using the bales of straw. Proximate analysis of biomass varieties used in the tests conducted is presented in the tab. 3.
Moisture and ash content determined in each of the fuel types examined were found to vary significantly. Content of combustible and volatile matters were determined to be quite high. Heating values of biomass samples were determined to be quite high and close to heating value of coal. Ash melting temperatures were observed to differ between the ranges of biomass samples analysed. Temperatures determined for the case of soybean and rapeseed straw combustion were found to be quite high, leading to the conclusion that no problems are to be expected in plants where there types of biomass are used. On the other hand, temperatures associated with wheat and maize straw combustion were found to be rather low, indicating that problems associated with ash particle adherence to the furnace walls may be encountered during combustion of these biomass varieties. 
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One of the very important parameters of any biomass combustion process is the ash shrinkage starting (sintering) temperature. This is the temperature at which shrinking of the ash occurs i.e. the temperature when ash starts to exhibit a tendency towards slagging. In a facility with no liquid slag removal system, temperatures developed in the combustion chamber must not exceed values that might lead to ash slagging. One of the particularly unfavourable features associated with agricultural biomass combustion considers the fact that ashes produced by biomass combustion exhibit a strong slagging tendency. This means that sintering temperature of ash residue produced by agricultural biomass combustion is much lower than the respective temperature associated with combustion of forest biomass [8] . This phenomenon is not accidental but rather the result of artificial fertilizer use in the cultivation of agricultural crops. The use of artificial fertilizers entails increased levels of potassium in the mineral-storing parts of the plant (which convert to ash). On the other hand, one of the main components contained in the mineral o parts of the plant is SiO -quartz sand. Melting temperature of SiO equals 1400-1500 C, but with 2 2 o an addition of potassium or sodium the temperature can be lowered to below 800 C. This is also the main cause of the pronounced ash slagging tendency associated with agricultural biomass combustion in power units.
Ash related operational problems have always been a key issue in energy conversion processes that utilise solid fuels, e.g. in conventional combustion and gasification processes. The problems arise from the behaviour of the inorganic matter, i.e. non-combustible matter, at high temperatures, and comprise slagging, fouling, bed agglomeration as well as corrosion of vital parts of conversion process equipment. Common solid fuels for thermal energy conversion are anthracite, pet coke, bituminous coals and sub-bituminous coals, lignites or brown coal, peat and various types of biomass fuels, e.g. agricultural and wood-based fuels, as well as various types of waste fuels. Coal is by far the dominant solid fuel source for heat and power generation worldwide, and because of this, many of the present fuel characterisation methods have been developed for coal. With respect to ash-related operational problems with coal fired boilers, the behaviour of coal mineral matter has been extensively studied and many of the fundamental underpinnings of the slagging and fouling phenomena in coal fired boilers have been worked out over the years. However, despite the high degree of insight into the mechanisms of ash deposition, slagging, fouling, corrosion and fuel blending continue to be the leading coal quality concerns of the personnel at the power industry [9] .
Comparing the inorganic matter in coal and biomass, it is clear that the modes of occurrence, e.g. the manner in which an element is chemically bound to the inorganic or organic constituents of the fuels, are different. The most abundant inorganic species in coal are aluminasilicate clay minerals which, together with quartz, comprise between 60-90% of the total mineral matter. The inorganic material in biomass can be divided into two fractions: adventitious materials that are added to the fuel during fuel processing, e.g. sand or clays from harvesting, storage etc. and inherent material, which acts as nutrients with essential biological functions for the plants and is more intimately distributed (atomically dispersed) throughout the fuel [10, 11] . Due to their different modes of occurrence the behaviour of the inherent and adventitious materials at high temperature differs, but both types of materials are known to play a significant role in the ash transformation mechanism at elevated temperatures. However, with respect to ashrelated operational problems during biomass combustion the inherent material, comprising the elements Si, Ca, Mg, K, Na, P, S, Cl and Al, is the primary source responsible for slagging, fouling and corrosion.
Comparing the ash-related operational problems between coal and biomass, in general, they will be more severe in biomass-fired boilers due to the formation of compounds with lower ash melting temperatures, as a result of several types of reactions in which alkali plays a central role [12] . Examples of principal ash transformation processes that occur during elevated temperatures include [13] : reactions between silicon and other elements chiefly alkali and alkaline earth metals, volatilisation of alkali and heavy metals, and volatilisation or release of chlorine and sulphur. Experience from fixed and fluidised bed combustion shows [14] that alkali and silicon (the main ash constituent of wheat straw), will react to form a silicate-based slag melt, thus preventing K to reach the gas phase. The addition of Ca, e.g. from woody biomass, to such a melt has been shown to be beneficial, as it will react and form compounds with higher melting temperatures. In a PF flame, a prerequisite for this type of reaction is that the Si-K rich (straw) particle will have to: physically collide with a Ca-rich (woody biomass) particle and be given enough residence time, so that this type of reaction can take place [13] . Other potential reaction phenomena that result in alkali being prevented from reaching superheaters are that alkali compounds in the post flame o region (~1200 C) deposit on larger fly ash particles, which are then entrained by the flue gas ending up in the electrostatic precipitator or flue gas cleaning filters. Co-firing of biomass and coal has been shown to reduce ash-related operational problems, primarily due to positive interactions between clay minerals and/or S in coal and alkali in biomass, but industrial practice also shows that the maximum biomass co-firing proportions that can be used in coal fired boilers for a non-biased boiler performance are relatively low, 10-20% on mass basis [15] .
With respect to conversion of agricultural fuels, chiefly wheat straw, into heat and power, a large practical experience base has been built-up in many country [13] . Being an agricultural industry by-product, wheat straw has several benefits compared to other agricultural fuels, primarily as it does not compete with arable land for food production. Ash-related operational problems arising from the use of wheat straw are very problematic [12] and this causes frequent shutdowns of boilers. Therefore, for wheat straw, as well as other agricultural fuels, to be successfully introduced as a (co-firing) fuel in dedicated high efficiency biomass-fired boilers, issues concerning ash-related operational problems need to be addressed and solved without using fossil fuels (hard coal) as co-firing fuel.
Key empirical correlations for slagging and fouling
There are numerous empirical correlations for the assessment of ash behaviour and their possible effects on deposition, both on the furnace walls (slagging) and on convection tube banks (fouling) [1, 2, [16] [17] [18] [19] . Based on an extensive database composed of Serbian coals and by correlative analysis of the existing semi-empirical criteria, indicators of the tendency of domestic coals to create deposits on heating surfaces have been developed. The key empirical correlations developed for domestic coal are [4, 16, 19] : the interval between the initial deformation (t ) and 1 fluid (t ) temperatures -if the interval is small, a thin, liquid layer of slag will be created on the 3 furnace walls extremely difficult to control by soot blowing; otherwise, with the growth of the interval, bond between the tube and the deposits becomes weaker and deposits can be easily removed by soot blowing and indicators for slagging and fouling based on ash composition.
Indicators for slagging based on ash composition, tab. 4, can be defined as [8, 16, 18, 19] Correlative analysis of the tested coals yielded the correct functional dependence of the criteria B, B/A, It, and So previously defined are defined in [16] . The limits for the application of these criteria are in accordance, and therefore any of these four criteria can be used for the assessment of the slagging tendency of domestic lignites.
According As an appropriate criterion for the assessment of coal fouling potential, the criterion total alkali content in the ash should be taken, because it takes into account the influence of K O 2 (potassium oxide) on the fouling process.
Practical application of fouling/slagging indicators
The results of the application of fouling/slagging indicators for the chemical composition of coal and biomass ash show the next. As Serbian coal slagging indicators were obtained from the database in which 88% constitutes of lignitic-type-ash coals [16] , that their application to biomass fuels with a lignitic-like ash type should confirm the tendency of this fuel to create deposits on the boiler heating surfaces. The results of the aforementioned criteria for assessing the propensity of coal to fouling and slagging were applied to two laboratory obtained ash of KL and KS coals, tab. 2, and to laboratory ash of several types of biomass [2, 10, 11, 12, 17, 18, 21, 23] , tab. 6.
Based on the applied indicators it can be concluded, tab. 7; KL coal has a bituminous ash type (B) and has no tendency to slagging nor to fouling the heating surfaces; KS coal has a lignitic (L) type of ash and shows a pronounced tendency to slagging and a moderate tendency to fouling the heating surfaces; all biomass tested has a lignitic (L) type of ash, wheat straw-soaked, switch-grass, and wood residue show a moderate tendency to slagging, while the oak wood is at Table 6 . Chemical analysis of biomass laboratory ash
(1) wheat straw-untreated, (2) wheat straw-soaked, (3) wheat straw, (4) corn straw, (5) oat straw, (6) barley straw, (7) rape straw, (8) hazelnut shells, (9) sunflower husks, (10) switch-grass, (11) switch-grass, (12) wood, (13) wood residue, Taking this into account and as expected on the basis of the foregoing, all examined biomass indicates a serious propensity for heavy fouling of convective heating surfaces.
Conclusion
Investigation of ash deposit processes in laboratory condition performed with two different PF has shown that temperature of the probe has a great influence on the ash deposit process. This influence is especially pronounced in the reactions between particles of ash and probe walls in the first contact, and later in the reactions inside the layer of formed deposits. Investigation of the influence of grinding fineness of PF has shown that the increase of PF fineness cause rise of the quantity of deposits. Change of excess air value has shown different influence on deposit formation rate for each investigated fuel. The results of the practical application of fouling/slagging indicators for the chemical composition of coal and biomass ash show the next. As Serbian coal slagging indicators were obtained from the database in which 88% constitutes of lignitic-type-ash coals, that their application to biomass fuels with a lignitic-like ash type should confirm the tendency of this fuel to create deposits on the boiler heating surfaces, showing an exceptional tendency towards heavy fouling of convective heating surfaces.
